ORIGIN OF VARIATION

Variability is a deeply ingrained characteristic of nature and man's appreciation of variability is the source of
knowledge, beauty and tolerance. Kubis (1966) In the search for general trends and laws in Nature, there is a tendency to exorcise variation as an artifact, for which imperfection and inaccuracy of observation are held responsible. However, there is often a residual variation and unpredictability when measurement error and external uncontrollable disturbance (noise) have been effectively removed. The following principle can be stated:
Variation is an inherent characteristic of objects and systems--be they cells or organisms, ci_ies or countries, rocks or mountains, electric bulbs or airplanes--a consequence of the statistical (macroscopically apparently nondeterministic) nature of the processes by which the objects and systems are formed (or manufactured)from simpler elements.
Thus, physiological equality among individuals is an impossibility in sexually reproducing organisms. Individuals are "manufactured" based on an elaborate but basically random "shuffling and reshuffling of the genetic cards" (the genetic infor-
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mation in the gametes) drawn from the available "genetic pool" of a population (Dawkins, 1976 ). This is the genotypie variation. In highly inbred populations of experimental animals, though the genetic design has become relatively fixed, implementation of the blueprint in the actual manufacturing of such a highly complex object as an individual does not produce identical copies of the prototype. Although variations introduced at the various component steps of the manufacturing process may be small, they culminate in observable differences among individuals. This is the phenotypic variation. (Bazovsky, 1961; Haviland, 1964; yon Alven, 1964; Shooman, 1968; Brook, 1972; Carter, 1972; Jardine, 1973; Bompas-Smith, 1973; Gross and Clark, 1975; Kapur and Lamberson, 1977) . The aim in this discipline is to develop an effective methodology for designing reliable machines and other technological objects or systems in spite of variations in characteristics and durability of available components. Although in biological and aging research we are not expected to design our object of study, use of concepts from reliability engineering can be useful.
ANAL YSIS OF VARIATION
Variation in a set of objects or individuals is described quantitatively by the frequency distribution, i.e., the mathematical function giving the percentage of the population with a certain value of a measured attribute within the range the attribute varies over the given group (see Fig. 1 for examples).
With the passage of time, wearing-out or aging may shift and/or change the "form" of this function.
Well known is the normal or bell-shaped distribution.
Its widespread occurrence
stems from an interesting property of distributions, described by the "central limit theo- Factors often interact, however, or influence a characteristic in nonadditive ways. For instance, body weight (W) is proportional to the product of three body dimensions (L_ • L2 • L3); its distribution will not be bell shaped (Fig. 1) . However, the logarithm of body weight is proportional to the sum of the logarithms of the three body dimensions:
By the central limit theorem then, log W will be roughly normally distributed. Very often, therefore, the logarithm of a characteristic will be normally distributed; such a characteristic is said to be log-normally distributed, a term coined by Gaddum in 1945 (Oldham, 1968 ). An important property of this distribution is its asymmetry: a large percentage of the individuals have a certain value of the studied characteristic, fewer and fewer of them having larger or smaller values (but not both). This suggests another mechanism by which a log-normal distribution is obtained, operative where there is competition among the individuals of a group for a common resource. Many examples of this phenomenon have been reviewed by Papageorgiou (1976) : size of particles formed from grinding or breakage processes, bank deposits, size of firms (compared in terms of number of employees or annual sales), size of sentences in a text (in terms of number of words), size of farms or towns in a country, size of oil reserves, and so on.
Another general mechanism that leads to an asymmetric distribution similar to a log-normal distribution is the following. In some manufacturing processes, a given specification of a certain characteristic (often an "optimal" specification by some criterion) may be more difficult to be deviated from on one side of the optimal specification within the range of permitted values than on the other side of the optimal specification. In the examples of Fig. 2 , there is the severe constraint of a high bioenergetic cost to the 
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Further examples where the above "optimality mechanism" may be operative are shown in Fig. 3 ; this may be less obvious in other examples (Fig. 4) , which could also be explained by other mechanisms. In some instances the asymmetry of the frequency distribution may be exaggerated to the point that no individual has a value of the studied characteristic on one side of a certain most common value. Two examples are shown in Fig. 5 . As is seen by plotting the distributions on a semilogarithmic plot, each can be represented by a single exponential function. in a progressive shifting of the most common (or "optimal") value of a characteristic toward less optimal levels. Another trend may be a tendency of variance to increase with age. These trends may be apparent in populations in which no appreciable mortality has yet set in. However, as progressively more weak individuals die, such trends may be less clear, because of introduced bias by elimination of the least optimal values corresponding to the individuals that have died; thus, under certain circumstances, variation may be reduced in old age. Figure 6 illustrates the observed change of the fre- 
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unchanged, unlike in the biological example. This discrepancy probably stems from the fact that the capacitors were assumed to "age" uniformly (equal increases of the number of flaws in all "individuals"), whereas aging may not progress uniformly in aging
organisms.
An intriguing contrast with the examples of Figs. 6 and 10 is seen in Fig. 11 . At first sight, the frequency distributions of salaries for assistant, associate, and full professors (presumably young, mature, and middle-age and older individuals, respectively)
are very similar to the distributions of the glomerular basement membrane width of hamster kidneys at corresponding ages (Fig. 6 ). The similarity extends to both a shifting of the distribution and an increase in variance with age. However, unlike in the biolog- Figure 11 . Frequency distribution of salaries of professors in Departments of Physiology of American universities. From Ganong (1977) , smoothed histograms. Andrew, 1962; Schmucker et al., 1974; Wilson and Franks, 1975; Pieri et al., 1975; Schmucker and Jones, 1975; Herbener, 1976; Tate and Herbener, 1976) . In a previous report by our group (Johnson et al., 1978) , the effects of aging and antioxidants on the fine structure of the mouse hepatocyte were described qualitatively.
Here we present a quantitative analysis that illustrates application of the concepts discussed above in histology and aging. (A preliminary summary was reported in Economos et al., 1979b .) We studied five groups of male C57BL/6J mice: 8-and 30-month-old controls; a group fed an antioxidant-containing diet ("diet 3"), consisting of lab chow containing 0.07% of tocopherol p-chlorophenoxyacetate and magnesium thiazolidine carboxylate from age 26 to 30 months; and two groups given 10% alcohol in their drinking water from age 12 to 24 months with or without the ant ioxidants.
Light microscopic study of liver from the various groups confirmed the finding from previous investigations that in normal aging the overall appearance of the liver parenchyma does not change dramatically (Andrew, 1962; Tauchi and Sato, 1962) , apart from a loss of cells reflected in a 20% decrease of liver weight in old controls (Johnson et al., 1978) . However, alcohol had considerable effects, while the antioxidant diet appeared to protect the liver cells to some extent from alcohol. These conclusions are supported by Figs. 12 and 13, which show the frequency distributions of cell sizes in the five groups (pooled data from four livers from each group, 100 cells from each liver on four different sections). The distribution of cell sizes in old controls or old animals on the antioxidant diet was similar to young controls, with a small tendency toward increased cell size that did not affect the average cell size. From observation and mea- surement of cell nuclei, it appears that the number of binucleated cells increased slightly but not significantly with age from 15.5% in young controls to 16.7% in old controls and 16.3% in old animals on the antioxidant diet (Table I) . This increase was accentuated in alcohol-treated animals (22.3% binucleated cells), with some protection by the antioxidants (19.0% in the alcohol -I-diet 3 group). Though alcohol had a very small effect on average cell size, the frequency distribution of cell sizes was dramatically affected (Fig. 13) . Despite the increase in the percentage of binucleated cells, alcohol decreased considerably the percentage of larger cells, an effect that was also repressed in the group that received antioxidants plus alcohol (Table I) . Finally, the average size of the nucleus increased slightly with aging, accompanied by a similar increase in the average size of the cytoplasm, the nucleocytoplasmic ratio remaining essentially The electron microscopic study of hepatocytes in the five groups of mice has been described elsewhere (Johnson et al., 1978 Following the same reasoning, the estimated mitochondrial area, which is the product of L and IV, should have even more asymmetric distributions than either L or W in all groups. Figure 18a shows this. However, the estimated circumference, being the sum rather than the product of L and IV, should have a less asymmetric distribution, in agreement with the central limit theorem, mentioned above, which dictates that the sum of distributed characteristics tends to have a bell-shaped distribution (Fig. 18b ). Both area and circumference were affected by the antioxidant diet similarly to L and IV, i.e., the youthful distribution patterns were restored. These trends are clearly discerned in Fig. 19 , where the frequency distributions of L, IV, L X IV, and L + Ware plotted for young and old control animals separately. Mitochondrial length and area frequency distributions are plotted for four groups (young controls, old controls, old + alcohol, and old + alcohol + antioxidants) in Fig.  20 . Paradoxically, alcohol alone changed the distributions only slightly, but when antioxidants were given in the diet to protect against the effects of alcohol, the frequency distributions were further shifted or their asymmetry toward larger values was accentuated compared with the old controls and old -t-alcohol without antioxidants. However, as was mentioned above, alcohol had a dramatic qualitative effect on mitochondrial fine structure, probably impairing their function considerably despite a small effect on mitochondrial dimensions: the mitochondria became pathologic rather than < Figure 16 . Effect of the antioxidant diet on hepatocyte fine structure in a 30-month-old mouse; the tendency to increased mitochondrial size caused by aging is repressed by the diet. × 13,650. "area" ("length" X "width") and (b) estimated one-half mltochondrial "circumference" ("length" + "width"). aged faster. The antioxidant diet may have partially protected the mitochondria against this effect of the alcohol, but the cells now had fewer mitochondria (fewer but "healthier"?); the increased fat-droplet volume would make up for the lost mitochondria. Therefore, because alcohol appears to damage mitochondrial fine structure (and probably function) considerably, the morphometric analysis cannot be applied in this case. 
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The qualitative electron microscopic evidence and the quantitative analysis of light microscopic information that showed virtual elimination of larger cells by the alcohol, an effect repressed by the antioxidants (Fig. 13) , indicate that the antioxidant diet protected the mitochondria to some extent from the damaging effect of high levels of alcohol in mice.
Variation in Vitality and Mortality
The individuals of a cohort die at different ages, even in inbred strains of animals.
Typical frequency distributions of ages at death were shown in Fig. 4c (Economos and Miquel, 1979 ) that variation in mortality and physiological characteristics are closely related. The model is summarized below.
A physiological variable measured over the individuals of a population has a frequency distribution typified by latency of first mating of flies (Fig. 3a) . A number of physiological functions can be chosen that are important for survival to a given extent.
A weighted sum of these variables in accordance with their relative importance will have a similar frequency distribution. This sum, called vitality, may be considered to reflect an individual organism's capacity to resist death. Because most physiological functions decline uniformly with age (Shock, 1960) , so will the vitality of each individual, the form of its frequency distribution remaining roughly unchanged with age. Therefore, the distribution of ages at death can be derived by a linear transformation of the distribution of vitalities (Fig. 21) . If the distribution of vitality is changed, e.g., by eliminating weak or unfit individuals through a physical examination, the distribution of ages at death and mortality kinetics will change accordingly (Fig. 22) . 
Time-Condensing in Experimental Aging Research through the Study of Variation
An important shortcoming of the classical actuarial methodology used in applied aging research, where the effect of environmental factors and dietary chemicals (aging rate modulators)
is assessed in terms of effects on mortality kinetics, is well known: the experimental animals of choice (mice and rats) live too long. It is therefore imperative to have a methodology that will enable us to predict the effects on life span in a much shorter time than the 2½ and 4 yr that are the average and maximal life spans of mice and rats. This is the meaning of "time-condensed studies" (Economos and Miquel, 1977) . Two approaches are conceivable:
1. Evaluate the effect of an aging rate modulator on the frequency distribution of a vitality variable of an experimental population by comparing with a genetically similar control population over an appropriate period of time (a fraction of the life span).
From this comparison, an estimate for the effect of the aging rate modulator on aging and life span can be derived. This approach is based on the hypothesis, substantiated above, that the frequency distribution of ages at death can be derived by a linear transformation of the distribution of vitality of the individuals at young adult age (before death sets in (Economos and Miquel, 1980) . Figure 23 shows the distribution of body weightin a population of 125 male mice at various ages. A log-normal pattern is apparent. These mice were fed "soft" lab chow ad libitum. A population of 45 male mice fed harder lab chow exhibited a less asymmetric distribution, with no overweight mice (Fig. 24) ; possibly, the hardness of food acted as a restraining factor that effected a tighter control of body weight. This group of mice was followed through very old age: apparently, after the age of about 24 months, the death rate begins to accelerate; the frequency distribution changes continuously in a poorly defined way. Therefore, body weight can be used as a vitality variable only in the period 8-24 months. Studies illustrating the predictive value of body weight are documented elsewhere (Economos and Miquel, 1980) . Figure 25 shows one example. Here, the change of the frequency distribution of body weight of a group of mice over a 6-month period during which they were fed an antioxidant-enriched diet, is compared with a change observed in a group of control mice. The change in the experimental group results from the "slimming-out" of practically all overweight mice, which is considered to be a favorable effect. This correlated well with a small favorable effect of the diet on average life span (Economos and Miquel, 1980) . value above a certain threshold when tested in early adulthood should be included (Fig. 26, top) . A suitable vitality variable is, for instance, neuromuscular coordination, which can be estimated in simple ways both in fruit flies and in mice (Miquel et al., 1972a; Miquel and Blasco, 1979; Economos, 1979b) . As the vitality frequency distribution changes with age (mainly shifting toward lower values and having larger variance), the percentage of individuals with vitality above the selected threshold decreases. It can be shown (Economos, 1979b) that if this percentage is plotted vs. age, a curve roughly parallel to survivorship is obtained (Fig. 26, bottom) , the parallelism being closer the more integrated the vitality variable, i.e., the larger the number of variables on which it depends. Again, aging rate modulators can be expected to affect both the vitality curve and the survivorship curve of an experimental population in a similar way. How-ever, because the vitality curve precedes the survivorship curve by up to 40% of the maximal life span, a time-condensing effect is achieved. Unlike in the first approach above, this method is suitable also during the latter part of the life span when there is a large death rate. [Drawn based on data on latency of first mating in fruit flies from Economos et al. (1979a) ; see also From Economos (1976b) . Data from Economos and Miquel (1980) and Miquel and Blasco (1979) ..
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left, body weight was chosen as the vitality variable, and the data were from the study on which Fig. 25 was based. A rough parallelism was again obtained between vitality and survivorship curves, and the effect of the antioxidant diet on survivorship can be predicted from its effect on the population vitality curve. On the right, the vitality variable was neuromuscular coordination assessed by a special technique (Miquel and Blasco, 1979) . When the data were plotted as proposed here, a vitality curve was obtained that again roughly paralleled the survivorship curve.
CONCLUDING REMARKS
In this chapter we have attempted to show that "some reality lies concealed in biological variation" (Oldham, 1968) . This "reality" has its principles, laws, mechanisms, and rules, only a few of which we have sketched. A related idea we pursued was that important information may be lost in the process of ignoring frequency distributions of physiological variables (as is customary in experimental physiology and gerontology). We suggested that it may be advantageous to expand one's "statistical field of vision" beyond simple averages + standard deviations.
Indeed, frequency distribution analysis may make visible some hidden information not evident from a simple qualitative analysis, particularly when the effect of some external factor or condition (e.g., aging, dietary chemicals) is being investigated. This was clearly illustrated by the application of distribution analysis in the study of variation in mouse liver cellular and fine structure (Section 4.1), and may be true of fine structural studies in general.
In living systems, structure and function interact in a dynamic way; they are "inseparable," unlike in technological systems or machines. Changes in fine structure therefore reflect changes in function. If such changes do not exceed a certain physiologic range, a quantitative analysis of structure will provide valuable information on quantitative changes in function that may not be possible or easy to measure directly. Because there is a large inherent variation in fine structure of cells in a given organ of an individual and among individuals, changes in fine structure can be analyzed only by studying frequency distribution curves of various structural characteristics (dimensions).
Simple averages + S.D. do not in general reveal all information on the effect of a certain factor, because often this effect is not uniform; on the contrary, this will be apparent from distribution analysis because the form of the curves will be affected. 
